Antibodies reactive with distinct regions of the staphylococcal nuclease molecule were prepared both by immunization with polypeptide fragments of nuclease and by immunization with intact nuclease followed by fractionation of the antiserum on immunoabsorbent columns bearing the corresponding fragments.
Fragment (99-149) * is an enzymatically inactive polypeptide produced by cyanogen bromide digestion of staphylococcal nuclease (1) . Although more than half of the sequence of this fragment is folded as a-helix in the native nuclease molecule (2), the fragment has been shown by circular dichroism studies to contain less than 5% a-helix, and has been considered to be devoid of ordered structure (3) . When fragment (99-149) is mixed in solution with another inactive fragment of nuclease, fragment , the two fragments combine to regenerate enzymatic activity and ordered secondary structure (3) . It has been postulated that in the folding of polypeptide chains that must occur during this combination, and in the folding of nuclease itself, regions of ordered secondary structure, such as the helices of fragment (99-149), may act as "nucleation" sites (4) . We have, therefore, chosen to study conformational equilibria of this region of the nuclease polypeptide chain.
We have recently described the preparation of antibodies specific for an antigenic determinant in region (99-126) of nuclease by sequential immunoabsorption of a goat antinuclease serum on columns of Sepharose to which selected polypeptide fragments of nuclease had been covalently attached (5). These antibodies, called anti-(99-126)., combine with nuclease to produce an enzymatically inactive, soluble complex (6) . It was noted that the ability of these antibodies to bind to the polypeptide fragment (99-149) might be interpreted as indicating either that the antibodies recognized a determinant present in the unfolded form of the polypeptide or, alternatively, that fragment (99-149) can spontaneously and reversibly fold to form the same conformation that is present in the intact, native protein. This paper presents a comparison of the reactions of antibodies prepared against nuclease fragments with the reactions of corresponding antibodies prepared by fractionation of anti-nuclease serum. The results obtained indicate the importance of antigen conformation in the binding of anti-nuclease antibodies, and thus support the second of these interpretations. We wish to propose a general mathematical model based upon this interpretation to describe the interaction of antibodies to a native protein with disordered polypeptide fragments derived from that protein.
MATERIALS AND METHODS
Nuclease was prepared and purified as described (5, 7, 8) . Fragments (99-149), , and (49-149) were prepared by the published methods (1, 9, 10) . The synthetic fragment analog (6-43) was kindly provided by Dr. G. Sanchez, who prepared it by the solid-phase synthetic method of Merrifield (11) .
Methods for the preparation of goat anti-nuclease serum and its fractionation by immunoabsorption have been described (5). All antibody preparations obtained by fractionation of this serum were designated by the subscript n, indicating immunization with intact, native enzyme. Antisera against fragment (1-126) and fragment (99-149) were prepared in individual goats by the same immunization schedule as that described for nuclease. The precipitable antibody in sera from these goats reached plateaus, as judged by precipitin analysis in gels with homologous antigens, after five immunizations for fragment (1-126) and after seven immunizations for fragment (99-149). Precipitin and fractionation studies were done on pools of sera prepared from blood drawn at 1 and 2 weeks after the seventh injection of each antigen. Antibody preparations obtained by fractionation of sera containing antibodies to fragments were designated by the subscript r, indicating the probable random conformations of the immunizing antigens. Purified antibodies were obtained from each of these sera by immunoabsorption on columns of Sepharose to which the homologous fragments were covalently bound. These columns were prepared and operated as described for nuclease (5 4 days, with mixing on the first and second days. They were then centrifuged, and the precipitates were washed twice with cold 0.15 M NaCl containing 0.01 M Tris (pH 8.1) and dissolved in 1.0 ml of 1.0 M NaOH. The absorbances of the dissolved precipitates were measured at 280 nm in a Zeiss spectrophotometer and were plotted as a function of the antigen added.
Assays of nuclease activity and the kinetics of nuclease inactivation by antibody were performed on a Gilford model 2000 multiple sample absorption recorder as described (6, 12) .
For assays of the extent of binding of anti-(99-126),, to nuclease fragments, aliquots of antibody and of fragment were added to cuvettes containing the standard assay mixture.
After stable baselines had been maintained for 5 min, 0.05 jug of nuclease was added to each cuvette and the resultant activities were measured. Half-times of inactivation (ti/) were calculated from semilogarithmic plots of activity against time as described (6). 
RESULTS

Conformational specificity of antibodies
Antisera prepared against fragments (1-126) and (99-149) were each capable of producing precipitin reactions with both the homologous antigen and with nuclease. Fig. 1 shows the results of quantitative precipitin curves of anti-(1-149),,t, anti-(1-126)r, and anti-(99-149), against nuclease, in the absence and presence of Ca++ and pdTp. The presence of these ligands in large molar excess had little effect on the total precipitable antibody at equivalence for anti-(1-149),, but produced marked inhibition of precipitation for anti-(1-126), and anti-(99-149)X. Since these ligands stabilize the native conformation of nuclease (13, 14) , this finding of inhibition supports the hypothesis that many of -the antigenic determinants recognized by the antibodies against the fragments are present only in the "unfolded" or "non-native" conformation of nuclease. Similarly, the absence of inhibition of precipitable anti-(1-149),, by ligands suggests that very little, if any, of these antibodies are directed towards determinants other than those present in the native conformation of nuclease.
Further evidence of the conformational specificity of these antibody populations was obtained from inactivation studies. Table 1 .
It will be noted in Table 1 that even at concentrations of fragments many times that of the antibody, inhibition of antibody-induced inactivation was incomplete, indicating that at any time only a fraction of the fragment molecules could have been bound to antibody-combining sites. If this fraction correlated with the similarity in conformation between the antigenic determinant in the fragment and in native nuclease, then a manipulation that would increase that similarity might be expected to increase the inhibition caused by the fragment. One such manipulation that could readily be tested was the addition of a complementing nuclease fragment, known from previous studies to combine with the fragment in question to produce activity and physical characteristics suggestive of the ordered structure of native nuclease. Such complementing systems include fragment (6-48) plus fragment (50-149), and fragment (1-126) plus fragment (99-149) (3, 10) . A further requirement of the indirect assay system, however, is that the inhibiting antigen must not itself have enzymatic activity, for otherwise a stable baseline in the kinetic assay of nuclease inactivation cannot be obtained. We therefore made use of synthetic (6-43), a synthetic fragment analog that has been shown to bind to fragment (50-149) in solution, yielding fluorescence properties characteristic of native nuclease and similar to those produced by fragment [51 § The term "native format determinant" is intended to designate a subclass of the more general category, "conformational determinants" (23) , the latter including those determinants involving distant portions of the intact protein, the juxtaposition of which could only occur through the tertiary fo1ling of the polypeptide chain.
Thus, for a particular antibody concentration, only a fraction of [Pt] would be expected to be bound to antibody, that fraction being the product of the antibody concentration, the conformational equilibrium constant, and the association constant for the reaction with antibody. This would account for our finding that, even with large molar excess of the polypeptide fragments (99-149) and (50-149), the inhibition of antibody was incomplete.
Eq. 4 Kconf induced by synthetic (6-43) is thus that K,0nf reflects the degree of "nativeness" of the polypeptide in solution, in accordance with our model. The overall interaction of antibody with polypeptides can, of course, be satisfactorily described by an effective association constant: [8] without reference to the conformational equilibrium of the fragment P (15) . However, an implication of our model apparent from Eq. 4 is that the effective association constant that one would measure for such systems is the simple product of the two component equilibria, i.e., K' = KconfKassoc [9] What has previously been considered as "lower affinity" compared to the native protein for antibody binding to peptide fragments and derivatives of apomyoglobin (16, 17) , lysozyme (15, 18) , ribonuclease (19) , and nuclease (20) may therefore result from lower effective concentration of the appropriate antigenic determinant (i.e., lower K0onf) rather than from an actual decrease in the binding energy of the interaction. Conversely, the binding of antibodies prepared against native proteins, such as j-galactosidase (21) , to incomplete, ribosome-bound protein fragments, need not imply that the bound fragments are actively "folded" but only that they are undergoing the same type of conformational equilibrium as we have postulated for fragments in solution.
In addition to our data, which correlate Kconf with an independent measure of protein conformation, there are other lines of evidence to support this interpretations. Schechter et al. have shown that antibodies to the helical polypeptide (Tyr-Ala-Glu) are capable of "inducing" increased helicity in the oligopeptide (Tyr-Ala-Glu)i3 (22) . Eq. 3 explains this finding in terms of the stabilization of the helical conformation P,, by antibody through a shift of equilibrium. Alternatively, in these studies as well as in our own, one might postulate the binding of antibodies to polypeptides that are less than fully folded, followed by further folding of the antigens after binding. In this case, however, all bound antigen would eventually achieve the native format and one would expect to measure a single koff for the dissociation of the antibody-antigen complex. Operationally, then, this model would be indistinguishable from that which we have proposed for the stabilization of the spontaneously folded form Pn, in which the definition of Pn includes all forms of ¶ The extended plateaus in the region of antigen excess of the precipitin curves produced by anti-(1-126)r and anti-(99-149), with nuclease are similar to those that have been reported for the precipitin reactions between antibodies against apomyoglobin and large proteolytic fragments of apomyoglobin (16) . These plateaus may also offer evidence for the conformational equilibria of the corresponding antigens, a hypothesis that will be further elaborated in a future communication.
P that are sufficiently folded to bind effectively to antibody. It would, in addition, have much less heuristic value than our model since an active folding process could not be adequately quantitated.
The model also predicts that the half-time of dissociation of a polypeptide fragment from antibody to a native format determinant should be similar to that for the dissociation of the native protein, rather than the much smaller half-time that would be anticipated if K' actually described the binding. This may explain the tight binding that has been observed during the immunoabsorption of antibodies against nuclease on columns bearing the polypeptide fragments (6) .
Since antibodies such as anti-(99-126), presumably react with some antigenic determinant within the region of amino acids (99-126), the Kconf determined by using these antibodies is theoretically only relevant to those residues directly involved in the determinant. However, since the folding of proteins seems to be a cooperative phenomenon, it seems probable that the measured Kconf may be a parameter for folding of the entire fragment. The proposed model thus provides a new and generally applicable parameter for the conformation of a polypeptide fragment of a protein. This parameter may be of particular usefulness in studies of conformational equilibria in which the proportion of native conformation is too small to be measured by physical means, the fragments of nuclease being examples of such equilibria.
